Abstract. The optical scattering, absorption, and polarization properties of human retinal tissues are investigated for a number of laser wavelengths in the visible range. The indices of refraction of these tissues are determined by applying Brewster's law. The inverse adding doubling method based on the diffusion approximation and radiative transport theory is applied to the measured values of total diffuse transmission, total diffuse reflection, and index of refraction to determine the optical absorption, scattering, and scattering anisotropy coefficients of the intact retinal tissues from healthy and diseased ͑neovascularized͒ human eyes. The polarization studies show that the retinal tissues possess significant intrinsic polarization characteristics, that are more pronounced in diseased tissues than in healthy tissues.
Introduction
There have been some past studies on ocular melanin. 1, 2 Studies of optical absorption and scattering on ocular fundus tissues were also reported by Hammer et al. 3 However, to the best of our knowledge, a systematic investigation of the optical scattering, optical absorption, and polarization properties of intact human retinal tissues has not been done. In this paper, we present an in-depth characterization of the optical absorption, scattering, and polarization properties of healthy and diseased human retinal tissues.
Since medical laser applications for ocular diseases have steadily increased over the past several years, understanding the fundamental optical properties of ocular tissues has become imperative because they influence the distribution and propagation of light in laser-irradiated tissues. Due to the complex nature of retinal tissues, both the absorption and scattering properties of these tissues must be understood thoroughly for medical applications of lasers. The quantitative distribution of light intensity in biological media can be obtained from the solution of the radiative transport equation. 4 The details of the radiative transport equation and the application of the Henyey-Greenstein scattering approximation to biological media can be found in Ref. 5 . Although there is no analytical solution to the transport equation for biological media due to the inherent inhomogeneities and irregularities in their physical shapes, only an approximate solution can be obtained by assuming homogeneity and regular geometry of the medium, and thereby an estimate of light intensity distribution can be obtained by solving the radiative transport equation. The values of absorption, scattering, and scattering anisotropy coefficients are required for even the approximate solution to the transport equation. Therefore, appropriate experimental methods are necessary to measure these optical properties. Although a single measurement of the transmission through a sample of known thickness provides only the total attenuation coefficient for Beer's law of exponential decay, it is impossible to separate the loss due to absorption from the loss due to scattering. This problem has been resolved, to some extent, by the 1-D, two-flux Kubelka-Munk model, 6 which has been widely used to determine the absorption and scattering coefficients of biological media, [7] [8] [9] [10] [11] [12] provided the scattering is significantly dominant over the absorption. This model provides simple mathematical expressions for determining the optical parameters from the diffuse reflection and diffuse transmission measurements. In the past, researchers have applied the diffusion approximation to the transport equation to study biological media. [13] [14] [15] Also, based on the Kubelka-Munk model and diffusion approximation, an excellent experimental method has been developed by van Gemert et al. ͑see Ref. 16 and the references therein͒ and van Gemert and Star 17 for determining the absorption and scattering coefficients and the scattering anisotropy factor.
More recently, an important numerical approach known as the inverse adding doubling ͑IAD͒ method 5 was introduced to solve the transport equation. 4 The IAD method provides more accurate estimates of optical properties for turbid media than any other models previously used. Thus, in this study, the IAD method is employed to determine both the absorption and scattering coefficients. A short synopsis of the IAD model is provided here. Two dimensionless quantities albedo ͑a͒ and optical depth ͑͒ are obtained from the IAD method; these quantities are defined as follows:
where a is the absorption coefficient, s is the scattering coefficient, and t is the physical thickness of the sample. The measured values of total diffuse reflectance and total diffuse transmittance are applied to the IAD algorithm to determine the optical absorption and scattering coefficients of human retinal tissues. Recently, there has been a considerable interest in the investigation of polarized light in highly scattering biological media. For example, Schmitt et al. 18 suggested the use of transmitted polarized light for imaging tissue heterogeneities. Anderson, 19 Jacques et al., 20 and Demos and Alfano 21 investigated the use of backscattered light for surface and beneaththe-surface imaging. Recently, Jacques et al. showed that the polarized light can be used effectively to image skin in which the structural details of the superficial layers can be easily identified. 22 Hielscher et al. 23, 24 demonstrated that backscattered linearly polarized light could be used to determine the fundamental optical properties such as scattering coefficient, scattering anisotropy factor, and average particle size of polystyrene spheres and biological cell suspensions. Hielscher et al. also demonstrated that cancerous rat fibroblast cells can be distinguished from noncancerous cells by measuring backscattered circularly polarized light and using the Muellermatrix method. 25 An excellent study by Ducros et al. indicates that polarization-sensitive optical coherence tomography can determine the retinal nerve fiber layer thickness and birefringence; the retinal polarization can therefore be employed to evaluate the effect of glaucomatous damage to the nerve fiber layer in retina. 26 The optical properties of biological tissues are related to their constituents. During neovascularization, the proliferation of retinal vessels and the increased blood in capillaries could change the optical properties of tissue. Therefore, for medical laser applications, an in-depth knowledge of tissue optical properties is imperative not only for therapeutic and clinical purposes, but also for noninvasive diagnostic purposes. The optical polarimetry study of ocular tissues is especially significant for noninvasive diagnosis of neovascularized ocular tissues. Blindness in diabetic retinopathy results when the macula is involved, but it also follows vitreous hemorrhages, retinal detachment, and glaucoma. 27 The neovascularization of retina, a predominant feature of diabetic retinopathy, is associated with the proliferation and migration of astrocytes that grow around the new vessels to form delicate white veils. The proliferating fibrovascular and glial tissues often cause retinal detachment and blindness. Hypertensive and arteriolar retinopathy are generally associated with diabetic retinopathy. 28 Currently, tissue polarimetry has become an exciting area of research in tissue optics and is expected to generate a great deal of interest in biomedical applications. Laser light is intrinsically polarized, and many biological tissues or molecules such as collagen, muscle fibers, keratin, retina, melanin, and glucose are known to be birefringent, and thereby possess polarization properties. In addition, biological scatterers such as cell nuclei and mitochondria alter light polarization on each scattering event according to the geometry and optical properties of the scatterers. Polarization can therefore provide a novel mode of early detection and diagnosis of ocular diseases such as diabetic retinopathy and macular degeneration. Recent studies have shown that important information on biological media can be obtained by shining a polarized laser light through the sample and then analyzing the state of polarization of the diffusely backscattered light. 29 Several researchers have also demonstrated that scanning laser polarimetry can be a useful tool for the assessment of the retinal nerve fiber layer, which plays an important role in the early detection of glaucoma. [30] [31] [32] To develop an optical technique for tissue diagnosis and therapeutic applications, it is necessary to understand the relationship between the optical and biological properties of tissue.
Materials and Methods

Tissue Sample Preparation
One pair of healthy human eyes and one pair of diseased ͑neovascularized͒ human eyes were obtained from the National Disease Research Interchange ͑NDRI͒. The samples were procured under the stipulation that both sets of eyes were from donors with similar ages and were shipped on ice to preserve their physiological properties. On arrival of the healthy and diseased human eyes, these eyes were carefully dissected using forceps and a scalpel to prepare retinal tissue samples for optical measurements. The cornea, lens, and vitreous humor was removed from each eye sample. For each sample, the retina was then separated from the choroid and placed between a pair of glass slides separated by three layers of cover slips ͑spacers͒ on each side. Each spacer was measured to be about 0.09± 0.01 mm. Special care was taken to fill in the space with the retinal tissues between the spacers. The purpose of placing the spacers was to prevent the glass slides from squeezing the tissue from its original, native shape to a compressed form. The thicknesses of the samples were measured using a digital micrometer. After placing the retinal tissue sample in between two glass slides, the total thickness of the system was measured. The thickness of the retinal sample was obtained by subtracting the thickness of the slides only from the thickness of the combined system. The thicknesses of both healthy and diseased retinal layers were found to be approximately 0.27 mm each. Note, however, that any difference between the thicknesses of diseased and healthy retinal layers was so small that it could not be determined with precision due to the limitation of the measuring device and also due to the uncertainty in measurements. Therefore, the value of 0.27 mm for the thicknesses of diseased and healthy retinal layers is used in all calculations.
The intact retina from each human eye was used for optical measurements. Although it was our intent to separate the retina from the choroid, it was difficult to obtain only retina while lifting the intact retina from the eye cup. It is expected to have a part of choroid left on the retinal sample during its preparation. Therefore it is assumed that retinal samples used in our measurements consisted of the following layers: ͑1͒ nerve fiber, ͑2͒ retinal blood vessels, ͑3͒ photoreceptor layer, ͑4͒ retinal pigment epithelium, and ͑5͒ choroid.
A small amount of vacuum grease was applied in between the glass slides to seal the open space between them so that the retinal tissue was kept moist and retained its space between the glass slides. These precautions were necessary to maintain the integrity of tissue's physiological properties and also to make sure that its optical properties did not change due to the inadvertant compression and/or dehydration of the sample. Special attention was also paid in mounting the samples for optical measurements so that the laser light was directed into the retinal tissue samples from inside the eye cup.
Index of Refraction Measurement
The indices of refraction of the retinal tissues were determined using Brewster's law. According to Brewster's law, the index of refraction ͑n͒ of the tissue can be determined by the following expression:
where p is the polarizing angle or Brewster's angle of incidence. The experimental details can be found in Ref. 33 .
Measurement of Scattering Anisotropy
Using an independent experimental technique, the scattering anisotropy coefficient ͑g͒ can also be obtained from the measurements of scattered light intensities ͑I͒ at various scattering angles ͑͒ using a goniometer table, assuming single scattering of the photons. The scattering anisotropy coefficient g is given by the average cosine of the scattering angle ͑͒ according to
where the sums are taken over all values ͑i͒ of the scattering angles and intensities. The scattering anisotropy coefficient ͑g͒ was obtained by irradiating the individual ocular tissue sample with a HeNe laser ͑Uniphase model 1101P͒ with a power of 3.0 mW, beam diameter of 2.5 mm, and beam divergence of 1.3 mrad. The sample was placed in the sample holder affixed to the center of the goniometer table. The measurements were taken using an Oriel ͑model 77341͒ photomultiplier tube ͑PMT͒ mounted at the edge of the goniometer 
Measurement of Diffuse Reflectance and Transmittance
The total diffuse reflectance and total diffuse transmittance were measured using two identical integrating spheres ͑Oriel model 70451͒. The tissue sample was placed in a specially designed holder that coupled the two integrating spheres. The measurements were performed on the retinal tissues at 514, 501, 488, and 476 nm from an argon ion laser ͑Spectra Physics model 2025͒. Although the maximum output power of the argon ion laser varied from 1 to 2 W, the average output power was kept at its minimum value of about 5 mW for all optical measurements. The laser beam diameter at 1/e 2 was 1.25 mm and beam divergence was 0.70 mrad at 488 nm. A schematic of the experimental setup for measuring the total diffuse reflectance and total diffuse transmittance is shown in Fig. 1 . The experimental setup was similar to that used by Beek et al. 34 The laser beam was directed into entrance port A of integrating sphere 1, whose exit port is coupled with the entrance port of integrating sphere 2; the sample was mounted at coupling port C situated in between the two integrating spheres. Exit port B of integrating sphere 2 was covered with a cap with a reflective surface identical to that of the integrating spheres. The diameter of each sphere was 6 in. and each port had a diameter of 1 in. Light leaving the sample reflected multiple times from the inner surfaces of the spheres before reaching the PMTs. The baffles within the spheres shielded the PMTs from receiving the direct reflected and transmitted light from the sample. Port A was equipped with a variable aperture so that the beam diameter could be appropriately controlled. The reflected and transmitted light intensities were detected by two identical PMTs ͑Oriel model 77341͒; these were attached to the two measuring ports of the integrating spheres I and II. The PMTs were powered by a common power supply ͑Bertan model 215͒. The signals from the PMTs were measured by two identical Fluke digital multimeters ͑model 77 series II͒. The measured light intensities were then utilized to determine the total diffuse reflectance R d and total diffuse transmittance T d by the following expressions:
and
where X r is the reflected light intensity detected by PMT 1 with sample at C; Z r is the incident intensity detected by PMT 1 without the sample at C, while the reflective surface is placed at the exit port of integrating sphere I; X t is the transmitted light intensity detected by PMT 2 with the sample at C; Z t is the incident light intensity detected by PMT 2 with no sample at C and with a reflective surface at B; and Y is the correction factor for the stray light measured by PMTs 1 and 2 with no sample at C nor the reflective surface at B.
IAD Method
To solve the radiative transport equation, the IAD algorithm 
Monte Carlo Simulation
Accuracy of the measurements of the total diffuse reflectance 
Polarization Measurements
The experimental setup for the polarization measurements in human retinal tissues is shown in Fig. 2 . The experimental setup was similar to that employed by Sardar et al. 33 A He-Ne laser ͑Uniphase model 1101P͒ beam with a power of 3.0 mW, a beam diameter of 2.5, and a beam divergence of 1.3 mrad mm was passed through a linear polarizer placed in front of the sample beyond which was placed a second linear polarizer ͑analyzer͒. The polarizers were obtained from the Oriel Corporation ͑Oriel model 25010͒. Behind the analyzer was placed a photodiode detector that was provided a low bias voltage from a power supply ͑Cenco model 31382͒; the photodiode was connected to a multimeter ͑Fluke model 77 series II͒. The polarizer ͑without the sample and analyzer in the light path͒ was rotated until the maximum laser light intensity was obtained, making sure that the laser beam is completely polarized. Once the maximum laser intensity was achieved, the analyzer was placed behind a pair of blank slides ͑without the sample between them͒. The analyzer was then rotated to maximize the light intensity so that the transmission axes of the polarizer and analyzer were parallel. Therefore, the reference condition was established with a pair of blank glass slides placed at the sample position. The blank slides were then replaced by the retinal tissue sample placed in between the polarizer and analyzer. Due to the birefringence property of retinal tissue, the polarization plane shifts; the polarization shift was then measured by rotating the analyzer until the maximum intensity was obtained. The measurements of polarization shifts and intensities of the scattered polarized light were taken at three different locations on each sample; the average of the three measurements was taken.
Results and Discussion
The indices of refraction ͑n͒ of retinal tissues from the healthy and diseased human eyes were measured by the Brewster's method at 450, 500, 550, and 600 nm from a xenon lamp. The measured n values varied from 1.34 to 1.38. Measurements were repeated three times at each laser wavelength, and the values agreed to within about 5%. For all of the IAD calculations, we used the average value of 1.36 for all retinal tissues. The average scattering anisotropy coefficient of retinal tissues was determined from the goniometric measurements on the healthy sample and was found to be approximately 0.79, indicating the presence of profound forward-scattering in the retinal tissues. The diseased tissue was assumed to be of the same makeup as the healthy tissue, only with more scatterers. Hence the anisotropy for the diseased tissue was assumed to be 0.79 as well.
The total diffuse reflectance ͑R d ͒ and total diffuse transmittance ͑T d ͒ were measured on the retinal tissue at 476, 488, 501 and 514 nm from the argon ion laser. These values of R d and T d are given in Table 1 . The margin of errors of the measurements of R d and T d are also given in Table 1 . These values, along with the measured value of the index of refraction and the scattering anisotropy coefficient, were input into the IAD program. The output of the IAD program were the dimensionless quantities a and , defined by Eqs. ͑1͒ and ͑2͒, respectively. The absorption and scattering coefficients were then calculated from the values of a and and the thickness t of the sample. The absorption coefficient ͑ a ͒, scattering coefficient ͑ s ͒, total attenuation coefficient ͑ t = a + s ͒, penetration depth ͑1/ t ͒, albedo ͑a͒, and optical depth ͑͒ for the retinal tissues are given in Table 1 . Note, however, that the healthy sample was measured to be approximately 0.27 mm; while the IAD method provided us with a value of 1/ s of approximately 0.20 mm. This shows that our assumption of nearly single scattering phenomenon in our experimental measurements for g is valid only within the experimental uncertainties. The total attenuation coefficients of the healthy and diseased tissues are plotted as a function of laser wavelength in Fig. 3 , which shows that the total attenuation coefficients for diseased retinal tissues are significantly wavelength dependent, whereas the total attenuation coefficients for the healthy retinal tissues are less wavelength dependent. Note, however, that the range of wavelengths covered in this paper is too narrow to observe the wavelength dependencies of the healthy tissues. The experimental values of total diffuse reflectance ͑R d ͒ and total diffuse transmittance ͑T d ͒ used to obtain absorption coefficient ͑ a ͒ and scattering coefficient ͑ s ͒ from the IAD were compared with those generated by the MC simulation technique. These values are given in Table  2 for both the healthy and diseased retinal tissues. The percentage differences between the values obtained from the experiment and the MC method are also given in Table 2 . These Table 1 Wavelength-dependent absorption coefficient ͑ a ͒, scattering coefficient ͑ s ͒, total attenuation coefficient ͑ t ͒, mean-free-path ͑1/ t ͒, albedo ͑a͒, and optical depth ͑͒ as determined by IAD using the measured diffuse reflectance ͑R d ͒ and diffuse transmittance ͑T d ͒ for human retina. The margin of error is given to the right of each measured value. values range from approximately 10 to 30%; these can be considered reasonable due to experimental uncertainties, and also considering the complexity of the healthy and diseased retinal tissues. In both the healthy and diseased retinal tissues, the scattering coefficients are found to be significantly higher than the absorption coefficients; the higher values of scattering coefficients can be attributed to some inadvertant crosscontamination of the retina with melanin granules from the retinal pigment epithelium ͑RPE͒ during sample preparation. Note also that the diseased eyes have both higher absorption and higher scattering. The increased number of localized neovascularizations in the diseased retinal tissues could be the source for stronger scattering. Note, however, that even though it does not account for the light that could be lost at the edges of the sample, the IAD method has a number of advantages, such as it works for any combination of optical properties, it takes into account all the interactions of a sample sandwiched between glass slides, it incorporates the effects of the integrating spheres on the measured values, and it has a reasonable trade-off between accuracy and speed. Further details can be found in Ref. 5 . The measured polarization shifts ͑⌬͒ and intensities ͑I͒ of the scattered polarized light in healthy and neovascularized ͑diseased͒ human retinal tissues are given in Table 3 that the polarization shifts are more pronounced for the diseased retina than those for the healthy retina, while the intensities of the scattered light in diseased retinal tissue were smaller than in the healthy tissues. The higher polarization shifts in the diseased retinal tissues can be attributed to the structural changes due to neovascularization. The decrease in intensities of the scattered polarized light in the diseased ͑neovascularized͒ tissues is likely due to the enhanced scattering. This observation is supported by the results given in Table 1 , which shows that the scattering coefficient of the diseased retinal tissue is much higher than that of the healthy tissue for each laser wavelength. The observed variations in polarization shifts between the left and right eyes could be attributed to the physiological differences in the eyes. Also, the small differences in the measurements at different locations can be due to the minuscule differences in thicknesses of the tissue samples.
Condition
In conclusion, the actual values of the absorption and scattering coefficients for the retinal tissues reported in this paper could have significant importance for practical applications requiring the prediction of light transport through pigmented tissue where the degree of pigmentation at the target sites may vary. Variable pigmentation obviously complicates the laser dosimetry for such treatment modes, because the amount of light delivered will have to be adjusted based on the amount of tissue pigmentation to achieve some standard clinical effect. 2 The tissue polarization study also is of particular im- portance because it offers a model for noninvasive diagnosis of neovascularized retinal as well as systemic diseases. Therefore, further investigation of different types ocular tissues, especially from human eyes at different pathological stages, is imperative for better understanding as well as the development of quantitative and noninvasive techniques for diagnosis of ocular diseases. Finally, note that the diseased retinal tissues possess the strong polarization characteristics. 
